Paired associative stimulation (PAS) is a frequently used TMS paradigm that induces long-27 term potentiation in the human cortex. However, little is known about the within-subject 28 consistency of PAS-induced effects. We determined PAS-induced effects and their 29 consistency in healthy volunteers between two PAS sessions. Additionally, we assessed the 30 benefit of applying linear mixed models (LMMs) to PAS data. Thirty-eight healthy volunteers 31 underwent two identical PAS sessions with a >1 week interval. During each session, motor 32 evoked potentials (MEPs) were assessed once before PAS induction and 3 times after at 30 33 min intervals. We did not detect any significant potentiation of MEP size after PAS induction. 34
Introduction 47
Synaptic plasticity is a fundamental process in our central nervous system, as it is essential for 48 learning and memory (Caroni et al., 2012; Caroni et al., 2014) . In addition, plasticity deficits 49 are important in the etiology of many neurocognitive disorders (Klyubin et al., 2014 ; 50 Srivastava and Schwartz, 2014) . Synaptic plasticity is conventionally measured with invasive 51 intraparenchymal electrophysiological techniques, which cannot readily be performed in 52 human subjects. The development of transcranial magnetic stimulation (TMS) paradigms, 53 such as paired associative stimulation (PAS) (Stefan et al., 2000) , has enabled measuring 54 plasticity-like effects in human subjects non-invasively, facilitating translation of findings 55 from animal models to humans. 56 PAS is typically applied by pairing median nerve stimulation (MNS) with magnetic 57 stimulation of the contralateral hand area of the primary motor cortex (M1). Consistent with 58 the fundamental properties of spike-timing dependent plasticity (STDP) [7] , when MNS 59 precedes magnetic stimulations by 25ms, PAS stimulation induces a long-term increase in 60 excitability of the M1 hand area, observed as an increase of motor-evoked potentials (MEPs) 61 in the contralateral hand. In contrast, if the MNS precedes the magnetic stimulation by 10ms, 62 the result is a long-term depression effect (Wolters et al., 2003) . The resemblance to STDP is 63 further strengthened by evidence that PAS-induced effects are dependent on the function of 64 the N-methyl-D-aspartate (NMDA) receptor, known to be essential for long-term synaptic 65 plasticity (Stefan et al., 2002) . 66
Because of the similarity of PAS results to STDP experiments in rodents, PAS has emerged 67 as a potentially very useful proxy for studying long-term synaptic plasticity in human 68 subjects. However, PAS produces highly variable results between subjects (López- factors only explain between-subject variability, whereas to our knowledge only one study 75 examined the within-subject consistency (Fratello et al., 2006) . More knowledge on this 76 consistency is obviously important for studies that aim to follow human brain plasticity 77 longitudinally. 78
Besides inter-and intra-individual variability, PAS studies show variable effect sizes between 79 laboratories as well (Lahr et al., 2016; Wischnewski and Schutter, 2016) . In addition to 80 optimizing experimental procedures, some types of variability might be possible to account 81 for by appropriate statistical modeling. PAS measurements generate relatively complex data, 82 combining both repeated measures as well as a hierarchical data structure (i.e. multiple MEP 83 size assessments per time point). In the last decades, linear mixed models (LMMs) have 84 emerged as a statistical method that is specifically suited to handle such a data structure, 85 reducing the chance of both false-positive and false-negative results (Aarts et al., 2014; Aarts 86 et al., 2015) . Additionally, LMMs are excellent for estimating reproducibility measures in the 87 form of intra-class correlations. To date, however, LMMs remain to be sparingly applied to 88 TMS data (Cash et al., 2015; Pedapati et al., 2015) and PAS-TMS data in particular (Cash et 89 al., 2017) . 90
In this study, we therefore assess the within-subject consistency of PAS-induced effects in 91 healthy volunteers using two identical PAS sessions with an interval of at least 1 week, using 92
LMMs. 93
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Materials and Methods 94
Subjects 95
Thirty-eight out of 61 subjects were included in this study (reasons for exclusion are 96 summarized in Table S1 ), who were recruited by advertising in the local community and on a 97
Dutch research subject-recruitment website. to not perform intense physical activities 24 hours prior to the measurement and to not smoke 118 nicotine cigarettes or drink coffee on the day of the measurement. They were seated in a 119 comfortable chair with their left arm resting on a pillow and were told to maximally relax 120 their left hand during the measurement. Magnetic stimulations were applied using a figure-of-121 eight coil with an inner diameter of 27mm and outer diameter of 97mm, connected to a 122 MagPro X100 with MagOption TMS device (MagVenture, Farum, Denmark). The coil was 123 held tangentially to the left primary cortex and diverging 45˚ from midline. The electric field 124 subsequently created in the cortex had a posterior to anterior direction. 125
To find the optimal position of the coil in order to maximally activate the ABP (the hotspot), 126 TMS stimulations were randomly placed around a predefined reference point, defined as the 127 location at 10% of the ear-to-ear span lateral to Cz over the right hemisphere. Data on coil 128 location and position at every stimulation was collected using a neuronavigation system 129 (ANT Neuro, Enschede, The Netherlands), allowing a precise definition of the angle and 130 distance errors of every stimulation relative to the hotspot. All TMS procedures hereafter 131 described are performed at the hotspot. 132
The resting motor threshold (RMT) was determined using a maximum-likelihood threshold 133 hunting procedure (Awiszus, 2003) . For this procedure, a MEP was defined as a signal with a 134 peak-to-peak amplitude of ≥50μV. Subsequently, the stimulation intensity 1mV (SI1mV) was 135 determined, which was the stimulation intensity of all subsequent stimulations. 1A). MNS during the PAS-induction was applied at three times the sensory threshold using a 147 bipolar bar electrode connected to a constant current stimulator (Digitimer Ltd., Letchworth 148
Garden City, UK). If MNS surpassed the pain threshold, it was lowered to a painless but 149 clearly noticeable level. The subject's attention level was standardized by applying four 150 randomly timed electric stimuli during PAS induction to the middle phalanx of the left thumb, 151
and instructing participants upfront of PAS induction to focus their attention on their left 152 thumb and report this number after PAS induction (Stefan et al., 2004) . These stimulations 153
were administered at two times the sensory threshold using a double ring electrode connected 154 to a constant current stimulator (Micromed S.p.A, Mogliano Veneto, Italy). 155
Data analysis 156
The EMG signal for every magnetic stimulation applied was stored for offline analysis as 157 epochs of -300ms to +300ms surrounding the TMS trigger. Using software programmed in 158
LabVIEW (National Instruments, Austin, TX, US) pre-MEP noise, the maximal peak-to-peak 159 amplitude and MEP onset were determined using a six-step data processing procedure: 160 1. Signals were linearly detrended. 161 2. The average amplitude value of the -300ms to -20ms before the TMS trigger was 162 subtracted to create a zero-baseline. 163 3. To prevent ringing after filtering, the stimulation artefact was removed between -2ms 164 to +4ms surrounding the TMS trigger, which was linearly interpolated. For PAS 165 induction signals, the stimulation artefact of the MNS was removed similarly. 166 4. Filtering using both a 20-2000Hz bandpass filter and a 50Hz-notch filter. 167 5. Pre-stimulus noise quantification on a -25ms to +15ms time window surrounding the 168 TMS trigger. After subtracting a 2 nd -order polynomial fit, noise was defined as a 169 peak-to-peak amplitude of >50μV or an SD of >15. Signals meeting these criteria 170
were discarded for further statistical analysis. 171 6. MEP quantification, defined by the maximal peak-to-peak within a 20-48ms time 172
window following the TMS trigger. 173
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Statistical analysis 174
Statistical analyses were performed using R version 3.3.3 (R Development Core Team, 2018), 175 supplemented with the nlme package (Pinheiro J, 2017 MEP size after induction were highly variable ( Figure 1B ). PAS-induced effects did not differ 234 between sessions, as the interaction between time point and session was not significant 235 (LR(3)=1.93; p=0.586), which is also reflected by the similar time courses in Figure 1C . 236
The absence of significant PAS-induced potentiation is not consistent with most previous 237 PAS reports (Wischnewski and Schutter, 2016) . We, therefore, performed a subset analysis of 238 sessions with a median baseline MEP size of 0.5 mV, as the observed low estimated baseline 239 means could mean that the stimulation intensity during PAS induction was too low to induce 240 robust potentiation. The 0.5mV subset contained 49 PAS sessions divided over 31 subjects 241 (17 subjects retaining both sessions). Additionally, we explored a subset with <2 errors in the 242 attention task, which contained 34 sessions divided over 28 subjects (5 subjects retaining both 243 sessions), as subjects that had more errors could have poorer attention control leading to 244 lower PAS-induced effects (Stefan et al., 2004) . Both subsets showed similar PAS-induced 245 effects compared to the full sample (Supplementary Figure S1 and Supplementary Table S2) . 246
Potentiation during PAS induction 247
Next to the PAS-induced effects after induction, we determined the PAS-induced effect 248 during induction. For this analysis, 9360 out of 15200 recorded MEPs were available due to 249 filtering out MEPs with a noisy baseline, divided over 59 sessions within 34 subjects. 250
Viewing the individual trajectories of MEP size development again indicates that there was 251 high inter-individual variability ( Figure 2C ), which is reflected by the superior fit of the 252 model with an unstructured covariance matrix to one with a compound symmetry covariance 253 matrix (LR(8)=525.31, p < 0.001). The development of MEP size over time appeared to be 254 linear ( Figure 2D) by the similar slope of the MEP size development in Figure 2D . There was a moderate 264 negative correlation between MEP size at the start of PAS induction and the change in MEP 265 size over time for session 1 (r=-0.51) and a weak negative correlation for session 2 (r=-0.41). 266
Consistency of PAS-induced effects 267
The within subject consistency of PAS-induced effects between the two sessions was poor We performed two identical PAS sessions in one group of healthy volunteers, resulting in 280 pronounced potentiation over time during PAS induction, which was not consistent within 281 subjects. PAS-effects after induction did not show the expected potentiation, and these effects 282
were not consistent within subjects either. Additionally, we demonstrated that a linear mixed 283 model with an unstructured covariance matrix provides the best model fit for our PAS data. 284
PAS-induced effects during and after induction 285
We found a significant increase of MEP size during PAS induction that shows striking 286 resemblance to the increase in excitatory post synaptic potentials seen in STDP experiments 287 in rodents (Froemke et al., 2010) and is consistent with previous human PAS studies (Dutra et 288 al., 2016; Cash et al., 2017) . From the animal studies, we know that the potentiation during 289 plasticity induction correlates with the potentiation after induction. However, whether this 290 increase in MEP size is a true proxy for NMDA-dependent LTP remains to be confirmed by 291
sham-stimulation controlled studies and/or placebo-controlled NMDA-receptor antagonist 292 intervention studies. It is noteworthy, however, that in our study MEP size at the start of PAS 293 induction showed a negative correlation with PAS-induced effects during PAS induction. 294 Namely, MNS during paired stimulations has a known acute inhibitory effect on MEP size, 295 also known as short-latency afferent inhibition (Tokimura et al., 2000; Turco et al., 2018), 296
lower MEP size at the start of induction could indicate more successful paired stimulations 297 and, therefore, be related to a more prominent PAS-induced potentiation. 298
However, the significant potentiation during induction did not warrant significant potentiation 299 after induction, which is not in line with most PAS studies (for review see (Wischnewski and  300 Schutter, 2016)). This urged us to explored what factors could be responsible. First, our 301 baseline MEP size appeared lower than the baseline in most PAS studies. It is, however, 302 important to note that our grand means were within the expected range of MEP size and it is 303 therefore unclear how our study compares to most PAS studies. Namely, many PAS studies 304 solely report grand means without fully reporting whether both summarized and individual 305 data are normally distributed. Nevertheless, due to this uncertainty, we have to consider that 306 the low baselines observed here indicate that our stimulation intensity was possibly lower 307 compared to most PAS studies, as several studies show that there is a positive correlation 308 between this intensity and the PAS-induced effect (Meunier et al., 2012; Cash et al., 2017) . 309
Second, subjects that made more errors during the attention control task, could have had a 310 negative effect on PAS-induced effects (Stefan et al., 2004) . However, subsets of subjects 311 with either a high baseline or few errors in the attention task did not show more PAS-induced 312 potentiation, indicating that these factors are unlikely the cause of the absence of the 313 potentiation of MEP size in our study. 314
Additionally, it is debatable whether our MNS was optimally performed, as some studies find 315 a much stronger reduction of MEP size (Cash et al., 2015) , while others suggest a reduction of 316 similar degree (Elahi et al., 2012; Cash et al., 2017 ). This could be related to our use of a 317 static 25ms MNS-TMS inter-stimulus interval opposed to adjusting this interval to the 318 individual N20 peak timing (Ziemann et al., 2004) . Another factor that could have contributed 319
to the absence of PAS-induced potentiation is the known compromising effect of sleepiness 320 on MEP size (Manganotti et al., 2004) . As PAS is a lengthy experiment and subjects were not 321 allowed to perform any type of physical activity or specific types of mental activity between 322 post-induction time points, it is plausible that subjects became increasingly sleepy, masking 323 potentiation effects. Unfortunately, although subjects were monitored to not fall asleep, we 324 cannot support this speculation with actual measures of sleepiness, as there were not assessed. 325
Consistency of PAS-induced effects 326
The low ICCs found in this study seem to suggest that PAS-induced effects have a high intra-327 individual variability. One could, however, argue that the lack of significant post-induction 328 potentiation compromises the validity of the consistency levels in this study. We did, 329 however, show significant potentiation during induction, which showed similar low 330 consistency consistent with (Fratello et al., 2006) . They found equally poor intra-individual 331 consistency of PAS-induced effects over two identical PAS sessions in a group of healthy 332 volunteers (n=18), despite significant potentiation of post-induction MEPs at group level in 333 each session. We, therefore, consider it not a given that the low ICCs are a consequence of the 334 absence of a significant post-induction potentiation of MEP size. 335
Additionally, one could question whether our reported consistency would have been higher if 336
we had eliminated MEPs classified as statistical outliers. As we took effort to eliminate MEPs 337 based on confounding experimental conditions in the first place (pre-stimulus noise) and 338 corrected for coil position errors, we regarded statistical outliers that remained in the dataset 339 to be likely valid MEP measurements. Consequently, we view that retaining statistical outliers 340 in our data set is important to reliably report ICCs. 341
Linear mixed models for PAS data 342
Our results provide insight in the potential advantage of LMMs for analyzing PAS data over 343 conventional analysis methods. Most importantly, we show that using an unstructured 344 covariance matrix provides a better model fit to our data than a compound symmetry matrix, 345
for both estimating the PAS-induction effects during and after induction. 
